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Review Article

A Comparison of ToxCast Test Results with In Vivo
and Other In Vitro Endpoints for Neuro, Endocrine,
and Developmental Toxicities: A Case Study
Using Endosulfan and Methidathion

M. Silva,” N.Pham,’ C. Lewis,’ S. lyer,? E. Kwok,' G. Solomon,” and L. Zeise”

"Department of Pesticide Regulation, California Environmental Protection Agency (CalEPA), Sacramento, California
2CalFPA’s Office of Environmental Health Hazard Assessment (OEH M AJ, Sacramento, California
SOtfice of the Secretary, CalFPA, Sacramento, California

INTRODUCTION: The U.S. Environmental Protection Agency’s (EPA’s) Toxicity Forecaster (ToxCast) is a potential tool
for chemical prioritization, hazard identification, and risk assessment. We conducted a case study to compare ToxCast
data with endpoints from other in vitro and in vivo studies for two data-rich pesticides: endosulfan and methidathion.
METHODS: ToxCastassays for endocrine disruption, development (zebrafish), and neurotoxicity were qualitatively com-
pared to traditional neurotoxicity, developmental and reproductive toxicity findings. We also used in vitro—in vivo ex-
trapolation to convert half-maximal activity concentrations in active ToxCast assays to rat oral equivalent doses, and
quantitatively compared these to the lowest observable effect level (LOEL) from in vivo studies. RESULTS: Endosulfan
was inactive for GABA R, unlike in vivo; but active with dopamine transporter assays and was neurotoxic in zebrafish as
expected. Methidathion was not active for theseendpointsin vivoor in vitro. Acetylicholinesterase inhibition was ToxCast-
inactive, although both pesticides are inhibitors in vivo. ToxCast results were generally inactive for endosuifan estrogen
receptor agonism and androgen receptor antagonism unlike in vivo. Calculated oral equivalent doses for estrogen recep-
tor and androgen receptor pathways and for zebrafish assays for both compounds were generally consistent with in vivo
LOELs. Endosulfan showed neurotoxicity and both pesticides showed developmental effects in the zebrafish assays, al-
though methidathion is not developmentally toxic in vivo. CONCLUSIONS: ToxCast’s predictions showed concordance
on some endpoints and nonconcordance, consisting mainly of false inactives, in several critical endpoints, likely due to
a lack of metabolic activation and limitations in assay design. Zebrafish assays were good predictors of developmental
toxicity and neurotoxicity for endosulfan. Birth Defects Res (Part B) (0:1-18, 2015, © 2015 Wiley Periodicals, Inc.
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INTRODUCTION AND BACKGROUND

The California Environmental Protection Agency
(CalEPA) Department of Pesticide Regulation (CDPR),
Office of Environmental Health Hazard Assessment
and the Office of the Secretary (OEHHA) are engaged
in chemical prioritization and risk assessment on an
ongoing basis. Before a risk assessment is performed by
CDPR, a pesticide with potential adverse effects must

eventually help minimize animal use and the cost of
the battery of US. Environmental Protection Agency
(USEPA) Health Effects Test Guideline studies currently
required for pesticide registration (USEPA, 1998) nation-
ally and in California. High-throughput screening (HTS)
may also have applications in other programs by pro-
viding insights into the potential toxicology of untested
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be identified and prioritized within the department
(CDPR, 2014). CDPR and OEHHA work together on this
process by considering both toxicological and exposure
data. Human exposure data along with high-throughput
data may someday facilitate chemical prioritization
and risk assessment. Also, high-throughput assays may
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degradation products, consumer product chemicals,
and other chemicals that ultimately end up in the
environment.

The Toxicity Forecaster (ToxCast) program was
launched by the USEPA in 2007 as part of the “Toxicity
Testing in the 21st Century (Tox21)” Federal program in
collaboration with the National Toxicology Program at
the National Institute of Environmental Health Sciences,
the National Institutes of Health’s National Center for
Advancing Translational Sciences, and the Food and
Drug Administration (USEPA, 2013). ToxCast was de-
signed to prioritize chemicals based on the results of HTS
assays indicating potential disruption of key biological
pathways. Chemicals were selected for screening by the
USEPA (ToxCast) and the Tox21 collaborators, as well as
international programs (OECD) and other stakeholder
groups. Currently the multiphase ToxCast program, with
over 700 unique assays and 300 signaling pathways, has
evaluated numerous chemicals (ffi2000) with established
or unknown toxicity, including cosmetics, drugs, pesti-
cides, and environmental contaminants (Tice et al., 2013).
The ToxCast data may be used to elucidate biochemical
mechanisms as well as common pathways for human
disease outcomes. Ultimately a goal of this USEPA
program is to use the ToxCast hazard and exposure data
predicted by computer modeling to facilitate chemical
risk assessments and prioritization.

To test the potential utility of ToxCast for the pri-
oritization and assessment of pesticides, we conducted
a case study examining whether the well-established
animal bioassay endpoints for two pesticides coincide
with resuits from ToxCast high-throughput assays. Endo-
sulfan (organochlorine) and methidathion (organophos-
phate) were selected because they have (1) vast in vivo
and in vitro databases with well-defined major endpoints
that differ substantially from one another; (2) completed
risk characterization documents (RCDs) (Lewis, 2007;
Silva, 2008);, and (3) been tested in numerous ToxCast as-
says pertaining to endocrine disruption (estrogen recep-
tor (ER), androgen receptor (AR)), developmental toxi-
city (zebrafish), and neurotoxicity (fframinobutyric acid
receptor alpha [GABAR], acetylcholinesterase [AChE],
and dopamine active transporter [DAT]). Our endpoints
(neurotoxicity, ER, AR, developmental toxicity) to study
ToxCast data were selected because both endosuifan and
methidathion are neurotoxins in vivo (through different
mechanisms) and show reproductive effects (Lewis, 2007;
Silva, 2008; Silva and Gammon, 2009), so we would expect
to see active results in ToxCast assays in these domains.

The goals of this case study are to (1) identify areas of
concordance and discordance between ToxCastand exist-
ing data, including any potential gaps in the ToxCast as-
says, and (2) attempt translation of oral equivalent doses
(OEDs) to evaluate dose concordance for active findings.

METHODS: DATA SOURCES USED
CDPRRCDs

All available traditional in vivo and in vitro data
for neurotoxicity and endocrine disruption were ana-
lyzed in detail in the endosulfan (CAS: 115-29-7) and
methidathion (CAS: 950-37-8) RCDs previously published
by CDPR (Lewis, 2007; Silva, 2008) and in Silva and Gam-
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mon (2009). Recent articles were also reviewed for this pa-
per. Key neurotoxicity studies reported in the RCDs were
selected for inclusion based on their quality and reporting
of representative effects.

Pesticide risk assessment involves identification of ad-
verse health effects or toxicity endpoints fromstudies per-
formed in accordance with Health Effects Test Guidelines
(USEPA, 1998) or from the open literature. One approach
is to determine the highest pesticide dose at which no
significant (biologically and statistically) adverse effect is
expected to occur relative to the control group, or the
“no-observed-effect-level” (NOEL). This is the treatment
dose just below the lowest observed effect level (LOEL), at
which asignificant increase in adverse effects is observed.

USEPA ToxCast Assays

Results for neurotoxicity and endocrine disruption
were obtained from the five ToxCast assay platforms
that reported active results for endosulfan and methi-
dathion: ACEA Biosciences, Inc. (ACEA, 6779 Mesa
Ridge Rd # 100, San Diego, CA 92121, USA), Attagene
(ATG, Attagene, Inc. PO Box 12054 RTP, NC 27709,
USA), Novascreen (NVS, 7170 Standard Drive, Hanover
Maryland 21076-1334 USA), and Odyssey Thera (OT,
4550 Norris Canyon Road Suite 140 San Ramon, CA
94583, USA); and the NIH Chemical Genomics Center
(Tox21, http:/ /ncats.nih.gov/tox21; accessed 5/2015).
Table 1 provides detailed information on these assay
platforms. Table 1 also includes all available ToxCast
assays (numbered) associated with the steps of the
estrogen and androgen pathways (for additional in-
formation on ER and AR pathways, see Appendix).
The assay results for these vendors were obtained
from the Interactive Chemical Safety for Sustainability
(iCSS) Dashboard (http:/ /actor.epa.gov/dashboard/),
the Endocrine Disruptor Screening Program Dash-
board (http://actorepa.gov/edsp21), and the FIFRA
SAP Meeting on Integrated Endocrine Activity
and Exposure-based Prioritization and Screening
(http:/ /www.regulations.gov/; Docket # EPA-HQ-
OPP-2014-0614). Assays reported on the dashboard
were performed at multiple concentrations. How-
ever, some Novascreen screening assays were per-
formed at one concentration only (25 ffiIM for en-
dosulfan and methidathion), and were reported on
the iCSS Dashboard in the ToxCast Summary Files
(http:/ / www epa.gov/ ncct/ toxcast / data.html). Ze-
brafish results from both the ToxCast program and from
academic investigators were obtained from the open
literature (Stanley et al., 2009; Padilla et al., 2012; Truong
etal., 2014).

Assay Interpretation Methods Used by USEPA

Assays reported on the iCSS Dashboard were run as
concentration responses, with one or more replicates
pooled and fit to a single curve as described by Filer
(2014). Determination of an active (positive) or inactive
(negative) response was described on the iCSS Dashboard
(Pipeline Overview). Positive values reported by USEPA
on the iCSS Dashboard are stated to be “active” and
are reported as the concentration at 50% activity (ACx)
in micromolars. In assessing whether the ER or AR
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pathways are active, USEPA considers that a chemical
should be active in at least five assays in that particular
pathway (Judson et al., 2010).

Activity that may not be specific to the chemical-
receptor interaction of interest can also be generated
when high chemical concentrations in cell-based receptor-
mediated assays initiate a burst of cellular responses in-
dicative of cytotoxicity instead of true chemical-receptor
interactions. This area of the dose-response curve, termed
the “burst region,” is believed to represent an area
where true chemical-receptor interactions are obscured
due to many factors (activation of multiple cellular
pathways, cytotoxicity, and apoptosis) (USEPA, 2014a).
USEPA developed methods to calculate specificity (Z-
score; USEPA, 2014a) of the chemical-receptor activity,
and affinity (Gene Score) of a compound for data inter-
pretation when an assay result (ACy,) is near or within
the burst region. USEPA interprets a Z-score greater
than 3 for a particular assay as reinforcing the likeli-
hood of chemical-receptor specificity. USEPA interprets
a Gene Score of greater than 7 as indicating that a
compound has strong affinity for a given gene. We ob-
tained the Z-scores from the ToxCast Data Summary Files
(http:/ /www epa.gov/ncct/toxcast/data.html) and cal-
culated the Gene Score.

Another method of data interpretation is an “area un-
der the curve” (AUC) calculation used as a predictor for
potency of a given chemical in a specified pathway as de-
tailed in USEPA (2014a). The AUC is an integral across
all concentration ranges and all assays (active and inac-
tive) tested for an endpoint or receptor. The modeled data
for ER or AR ranges from O to 1, in relation to a reference
chemical (e.g., 17/ -estradiol for ER; USEPA, 2014a). Re-
sults that are less than USEPA’s cutoff of 0.1 predict that
acompound is inactive within the upper limits of concen-
trations tested for receptors in the defined pathways. In-
terpretation of AUC data for endosulfan and methidation
were provided by USEPA (http:/ / www.regulations.gov/
Docket#:EPA-HQ-OPP-2014-0614). AUC values werealso
compiled to make predictions for ER agonist, antago-
nist activities, and binding potencies fromstructure-based
models called CERAPP QSAR (Collaborative Integrated
Bioactivity and Exposure Ranking Estrogen Receptor Ac-
tivity Project Quantitative Structure Activity Relation-
ship) (USEPA,2014a). AUC and CERAPP QSAR informa-
tion are available at: http:/ /actor.epa.gov/edsp21/.

METHODS: DATA ANALYSIS

Qualitative Concordance Evaluation

The weight of evidence of in vivo and in vitro assays re-
lated to neurotoxicity, development, and reproduction, as
reported in the RCDs for endosulfan and methidathion,

" Gene Score: a measure of the potency (log( AC50)) and specificity
{(Z-score) for a compound’s interaction with a given gene (affin-
ity) calculated as a “Gene Score” as shown below.

Endosulfan Gene Score caleulation for ER:

(- logACss of active ER assays in M units) = 2574 (logACxgs
in hitp:/ /actor.epa.gov/ dashboard /).
Totainumberofassaysforth=atigehble?).
fi(~logACss in M units of active assays)/ (total no. of assays for
that gene) = 1.43 = x.

Gene Score = 10° = 26.93,

EPA-HQ-2018-000065

were compared to the resuits observed in ToxCast assays
related to these endpoints to assess concordance or
discordance. We evaluated the utility of the various
USEPA criteria for discriminating activity from inactivity
in assays and pathways, including the Z-scores and other
parameters described above (USEPA,2014a).

Quantitative Concordance Evaluation

In order to facilitate direct quantitative comparison of
active results, we used reverse dosimetry (i.e, in vitro—in
vivo extrapolation) to convert any active ToxCast ACs,
value, including zebrafish; for either chemical into the
corresponding OED in rats (Perkins et al., 2013; Wetmore
et al., 2013). Using the method and assumptions of
Wetmore et al. (2013), metabolic clearance of endosulfan
or methidathion by an intact liver in rats was estimated
from its metabolic stability data in vitro, number of hep-
atocytes per gram of liver and liver weight. Wescaled the
ACs, value to an OED of endosulifan or methidathion in
rats based on the estimated hepatic metabolic clearance,
renal clearance, unbound fraction of parent compound
in the plasma, and liver blood flow. Oral equivalent
doses' were calculated based on two alternative assump-
tions in hepatic clearance: restrictive and nonrestrictive
(Wetmore et al., 2012). For the former, the hepatic clear-
ance data were scaled by an unbound fraction of the par-
ent compound (F,), whereas for the latter, the F,;, scaling
factor was set to 0.99; the F,, values of endosuifan (0.005)
and methidathion (0.53) were experimentally derived
and reported in the study by Wetmoreet al. (2012). The
calculated OEDs were used to compare in vivo rat LOEL
to the ToxCast ACy, (Wetmoreet al., 2012; Judson, 2014).

RESULTS
Neurotoxicity

Endosulfan.

In vivo and open literature in vitro findings. Endosulfan
acts directly as a noncompetitive GABA R antagonist by
binding to GABA 4R/ in the receptor complex and block-
ing chloride conductance through the ion channels (Kami-
jima and Casida, 2000; Ratra et al., 2001). This can lead
to hyperexcitation of the central nervous system, convul-
sions, and death. Asshown in Table2, the clinical signs of
neurotoxicity observed in rabbits (Nye, 1981), rats (Bury,
1997), mice (Kamijima and Casida, 2000); and Beagle dogs
(Brunk, 1989) are symptomatic of GABA,R inhibition.
Mechanistic endpoints of interest are noncompetitive in-
hibition of GABA /R at nonselective sites, and inhibition
of AChE and DA/DAT (Table 2). Endosulfan decreased
dopamine in weanling rat hippocampus contributing to
decreased ability to learn and retain a required task com-
pared to controls (Lakshmana and Raju, 1994). Neonatal
rats treated with endosulfan had decreased dopamine
and increased footshock fighting behavior (Seth et al,
1986). Male offspring (age 3 months) of C57Bl/6j mouse
dams gavaged with endosulfan showed a reduction in
DAT expression in the central nervous system. Further

iRat OED (mg/kg/d) = ToxCast ACso (FIM) x (1 mg/kg/d =
RatCes (FIM)).
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Table2
In Vivo Neurotoxic Effects for Endosulfan (Adapted from Silva, 2008)
NOEL/LOEL

Species/ sex Exposure info Effect (mg/kgld) Reference
NZW Rabbit Gavage GD 6-28 Symptomatic of GABA s -gated receplor 07/18 Nye (1981)

interference: phonation,

convulsions/ thrashing, hyperactivity,

salivation in rabbit does
Wistar Rats M /F Single gavage Symplomatic of GABA-gated receplor 1.5/3.0 Bury (1897}

interference: tonoclonic convulsions, coarse
tremor, uncoordinated gait, increased
salivation, stupor, prone position, increased
fright reaction, squatling posture, stilted gait,

straddled hind limbs, ‘spontansous activity

Oct. 2018

in females
Swiss-Webster mice  Single i.p.

Dog M/F 1 year (diet)

Measured GABAAR noncompetitive inhibition:
myoclonic jerks, head twitching, generalized

Symptomatic of GABA s -gated receplor

No NOEL/8.0 Kamijima and

Casida (2000)

0.57/20 Brunk (1089)

interference: violent contractions of the
upper abdomen, convulsive movements,

extreme sensitiv
reactions to optica

to noise, frightened

stimuli, jerky / tonic

muscle contractions (chaps and extremilies),

impairment of reflex excitability

Wistar rats M/F 13 week (diet)

aclivities in females

{Plasma (441%) and RBC AChE (L12%)

(¥50%) activity and

( 2061459 Barnard et al.
(19550)

2881166 Sheets et al. (2004)

Gonly dose Lakshmana and

Wistar rats M/F 13-week LPlasma ACHE
neurotoxicity convilsions in females
(diet)
Wistar Rat i.p. 100r 25 days ‘Dopamine (fi45%); Llearning and task
weanlings retention

ITCR Rat neonate ip. PND 1-35

Dopamine (27%), TFootshock fighting

Raju (1994)

0.5/1.0 Seth et al. (1986}

behavior
C57B1/ 6] mice Dam gavage 14 CDAT(38%); Tdopaminergic 10only dose Wilson et al. (2014)
days neurodegeneration; Lresistance to MPTP
premate-PNID 21 challenge at 3 months

Co57B1/6 mice Pup i.v.,PND 5-19;

again at 8 months  exposure

+Dopamine (16%) at 8 months after postnatal

1.5 only dose Jia and Misra (2007)

DAT: dopamine transporter; GD: gestation day; i.p.. intraperitongal; LOEL: lowest observed effect level; NOEL: no observed effect level;

NZW: New Zealand White, PND: postnatal day.

treatment of these male offspring with the neurotoxin
MPTP  (1-methyi4-phenyl-1,2,3 6-tetrahydropyridine)
resulted in additional depletion of DAT (Wilson et al.,,
2014). C57BI/6 mice, exposed to endosulfan as juveniles
and treated again as adults, also showed decreased
dopamine (Jia and Misra, 2007). Plasma and RBC AChE
were decreased in rats (Barnard et al., 1985; Sheets et al.,
2004). The tabulated studies in Table 2 are only a few of
the many that show neurotoxic effects (Silva, 2008).

ToCast.  Novascreen preliminary screening for bovine-
derived GABAR! 1!, rat-derived GABAR! 11, GABA,R
agonist, and GABA:R nonselective and human AChE
activities were performed with one dose only (25 ffiM)
for endosuifan and found to be inactive. Therefore
a concentration-response assay was not performed.
The Novascreen cell-free neurotoxicity assay for bovine
GABA ,R! 5 was also inactive. A competitive binding as-
say for DAT performed with guinea pig striatal mem-
branes (gD AT)and the one utilizing human tissue (hDAT)
were both active. The calculated OED conversion from the

Birth Defects Ressarch (Part B} 0:1-19, 2015
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gDAT (ACy 21.3 fiIM) and hDAT (ACsy 11.5 fiM) gave
OEDs of 0.33 and 0.18 mg/kg/d, respectively. This was
threefold and sixfold, respectively,of the LOEL calculated
on the basis of the rat in vivo studies (Table2) (Seth et al,,
1986).

Zebrafish. Padillaet al. (2012) did not specify whether or
not zebrafish exhibited neurotoxicity as part of the Tox-
icity Score for endosulfan (mixture of ' and | isomers).
Stanley et al. (2009) used the more toxic alpha (! ) isomer
of endosulfan to test on zebrafish. The most sensitive tox-
icity endpoint in this assay was an abnormal response of
the embryo/larvae to touch; suggesting that endosulfan-
1 is developmentally neurotoxic. The NOEL was 0.5 ffiM
and the LOEL was 1.0 ffiM based on abnormal behav-
iors (prolonged/spastic swimming behavior, disorienta-
tion, slower response, and shorter distance swam in re-
sponse to touch). The calculated OED conversion from the
LOEL (1.0ffIM) in zebrafish was 0.038 mg/kg/d. This was
26-fold lower than the 1.0 mg/kg/d, lowest LOEL, from
rat in vivo studies (Table 2) from Seth et al. (1986).

ED_001487_00003526-00005
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Table3
Characteristic® In Vivo Neurotoxic Effects for Methidathion (Lewis, 2007)

Species/ sex Exposure

Effect (mglkg/

NOEL/LC

Reference

Cri:CDRat M /F Single, gavage
controls)
Crl:CDRats M /F 90 days, diet
cortex (M: 74%)
hippocampus (F:

Clinical signs

Sprague-Dawley 104 weeks, diet

4 ACHE activity in cerebral cortex (M: 74% of

+ AChE activity in RBCs (M &F: 56-81%), cerebral

striatum (F: 63%) and (1995)
76%)

W, Lfood and water 177

consumption, v AChE activity in RBCs (M /F:

1.0/122 Chang and Richter
(1984)

No NOEL/06  Chow and Turnier

Yauet al. (1986)

78-82%) and whole brain (M /F: 48-49%), v liver

rats M/ F
- weights, skin lesions
Rhesus Maonkey 23 months, gavage  VAChE
M/F BO-76%)

= in plasma (M /F: 30%) and RBCs (M /F: 1.0

Coulston and
Golberg (1871}

The tabulated studies are only a few of the many that show neurotoxic effects (Lewis, 2007).

LOEL: lowest observed effect level, NOEL: no observed effect level.

Methidathion.

In vivo and gpen literature in vitro findings. Methidathion
is an AChE inhibitor (Lewis, 2007). Unlike endosul-
fan, methidathion requires metabolic activation to exhibit
AChE inhibition and neurotoxicity, with the presumed
primary toxic metabolite being its oxygen analog (Lewis,
2007). There are currently no in vivo studies indicating
methidathion affects the GABA,-gated ionophore com-
plex or DAT (Table 3). The tabulated studies in Table 3
are only a few of the many that show neurotoxic effects in
vivo (Lewis, 2007).

ToxCast. Novascreen assay results for AChE, GABA,R,
and DAT were reported as inactive in the preliminary
single-dose screening at 25 ffiM for methidathion, there-
fore no follow-up multidose testing was done.

Zebrafish. There were no neurotoxicity data available for
methidathion.

Assay concordance for neurotoxicity endpoints.
There was a lack of concordance for GABA R activity for
endosulfan (Table 4). In contrast, there was concordance
for both gDAT and hDAT and dopamine inhibition stud-
ies with in vivo observations. There was no concordance
for AChE between in vivo observations and ToxCast
assays for endosulfan or methidathion (Table4).

Endocrine Disruption

Endosulfan.

In vivo and open literature in vitro findings. As shown
in Table 5, numerous animal studies and one human
epidemiology study have shown adverse effects on
reproductive function consistent with disruption of
sex hormones. Animal studies have shown uterotropic
activity and decreased ovarian weight and functionality
in adult females, and decreased ovarian and uterine
weights in pups. Male animals have shown related
endocrine disrupting effects in gonadal tissues and on
post-spermatogenic activities (sperm morphology, motil-
ity or function). An epidemiology study reported delayed
sexual maturation in boys aged 10 to 19 after prolonged

EPA-HQ-2018-000065

Table4
Assay Concordance for Neurotoxicity Endpoints

Endosulfan Methidathion

GABAAR To x C 4% Inactive Inactive

GABA-associated in Positive Negative
vivo toxicity

Concordance No Yes

AChE ToxCast Inactive Inactive

AChE-associated in Positive Positived
vivo toxicity

Concordance No

DATDAT ToxCast Active

DA DAT-associated Positive
in vivo toxicity

Concordance Yes Yes

SGARBA AR I8 bovine derived.

bACHE is human derived.

“DAT s from guinea pig striatal membranes.

dMetabolic activation is necessary for ACHE inhibition by methi-
dathion.

exposure to endosulfan used agriculturally. In vitro
assays have consistently shown both weak estrogenic and
antiandrogenic effects from endosulfan (Table6).

ER ToxCastassays. Table7 provides results for ER assays
for endosulfan. In the table, a number (1-18) for each as-
say corresponds to the pathways described in Figures 1
and A1. Endosulfan was active in the ER agonist assays
A8, A12, A13, and A15, and was active for ER antagonist
assay A18. The active assays involve receptor dimeriza-
tion, RNA transcription, translation, and cytotoxicity, but
not ER receptor binding or ER-induced proliferation.
Only two of the five active assays had a Z-score greater
than 3, indicative of specific chemical-receptor interac-
tions by USEPA criteria (assays A12 and A13). The other
three assays (assays A8, A15, and A18) were also active on
the ToxCast Dashboard but their Z-scores are less than 3,
failing the USEPA criterion for specific chemical-receptor
interactions and instead potentially reflecting activity
due to cell stress. Because only four assays were active for
ER agonism while the other was active for antagonism,

Birth Defects Ressarch (Part B} 0:1-19, 2015

ED_001487_00003526-00006



TOXCAST DATAAND IN VIVO ENDPOINTS COMPARED 7
Tableb
In VivoReproductive and Developmental Effects of Endosulfan (Silva, 2008)
NOEL/LOEL
Species/sex Exposure Effect (mg/kgl/d) Reference
Femalﬁ aduﬂm al their offspring
Uterine tissue from  3days, s.c. Adult: Tuterin ; downregulationin 0.6/6.0 Varayoudet al.
OVX Wistar rat uwterine subepithelial stroma; uterotropic (2008)
activity
Hemi-OVX Swiss 15 day, gavage At éf"‘mpazﬁ“ utea and heal my follicles, 1.5/3.0 Hiremath and
mice/F ovary weight; estrus cycles; Tatretic follicles Kaliwal (2002)
and estrus duration
Rat puplF PND 722, 8. Pup: ¢Ey; vovarian, oviduct, and uterine No NOEL/45 Ahmad et al. (1893
weights
Sprague--Dawley GD 6-14, gavage Fetal-vbodyweight,  %live fetuses and 20160 Fung (1980}
length; Tgrowth retardation, skeletal
anomalies, % resorptions
GD 6-19, gavage Fetal: 1% ‘bmwai abnormalities No NOEL/50 Guptaet al. (1978)
2 gen. reproduction, PupsF1and F2 mean lilter weights 12162 Edwards et al. (1984)

Rat pup/M
CDrat/ M/F

Wistar rat/ M
Wistar rat/ M
Wistar rat/ M

Albino rat/ M
ITRC rat/ M

Albino rat/ M
Swiss mice/ M

Druckery rat/ M
Druckrey rat/F
Wistar rat/F
Bwiss mice/ M
Wistar rat/
Mice M/F
Wistar rat/F

D. mefarnogaster M

M age 1010 18 years

diet (2 litter /gen.)

PND 7-22, s.c.
13-week diet

15- or 30-day gavage
7- or 15-day gavage
15- to 30-day gavage

30-day gavage
15-day gavage

30-day gavage
S-day gavage

Q0-day gaveage

GD 12-21 gavage
GD 15 through LD
22, gavage

30-day gavage

6 days/ week, 10
weeks, gavage
7 days gavage

DNT: GD61to PND
28, diet
48 h, diet

Areasprayed 2--3
times/ year

Male aduﬂw fetuses, and pups
Pup: vwmm T, « reproductive organ weights
Adult: T Fpididymal weight

Adult: male hormone and aromatase effects®

Adult: T Serum lestosterong, “testicular
testosterone
Adult: Male hormone and aromatase effects?

Adult: TRelative testes (fo body) weight
Adult: Effects on male reproductive tract”

Adult; <8permatogonial cells in metaphase

&dulf:”ﬁ‘@hmz)mwwmm aberration; abnormal
spermatocyles

“Sperm, g pwmat id counts;

+Sperm, spermatids, + Male repro organ weights

Pups: T Testis weights; & sperm production
AND % semin ‘mrm s tubules with complete
spermatogenes

Adult: 4 Sperm mxmm: Tabnormal sperm

Adult: +Sperm production and count; T#
abnormal sperm

Adult: TTestosterone metabolism and androgen
elimination

Pup: «Pup bodyweight, preputial
and bodyweight gain

Adult: TClastogenesis in

separation
sperm

Child: {8MR (pubic hair, testicular and penis
developmentyand serum T

Tsperm abnormality

No NOEL/4.5
3851234

No NOEL/
50175

5.0

10
No NOEL /115

No N 122
NoNOEL/25
No NOEL/1.0
»1.5/No LOEL
3.0 (only dose)
No NOEL/25
7.5 (only dose)

No NOEL/3.74

No NOEL/50 ppm

Unknown

Barnard et al
(1985a)

Singh and Pandey
(1989, 1989}

Singh and Pandey
(1988h}

Singh and Pandey
(1980)

Dikshith et al. (1984)

Gupta and Chandra
(1977}

Dikshith et al. (1978}

Usha Rani and
Reddy (1986)

Sinha et al. (1995,

)

Sinha et al. (2001)

Dalsenter et al.
(2003)

Khan and Sinha
(1696)
Zhu et al. (2002)

Wilsen and LeBlanc
(1998)
Gilmoreet al. (2006}

Velazguezet al.
(1984)
Saived et al. (2003)

En 17 -estradiol; - female; GD: gestation day; LDT

Clowest dose tested; LOEL:

effect level; OVX: ovariectomized; PND! postnatal day; s.c. subcutaneous; SMIR: sexual mam;"iiy rating.

alT

endosulfan also fails the USEPA criterion that five assays
must be active to conclude that a chemical is active in
a pathway (Figs. 1 and A1). However, the Gene Score
is 26.93, greater than the cutoff value of 7, indicating
endosulfan may be specific for the ER gene.

ER in vitro data for endosuifan from registrants and
open literature showed activity at concentrations rang-
ing from 1 to 10 ffiM (Table 4), which is similar to the

- um festoslerone, test
¢} Testes weight, semin

niferous tubule degeneration,
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owest observed effect level, M. male

NOEL: no observed

tosterone, androstenedione, aromatase, and 31 -& 17| -hydroxysteroid dehydrogenase; Tdihydroxytestosteroneand androstanediol.
icular testosterone, 3-hydroxysteroid-dehydrogenase, and 17-hydroxysteroid-dehydrogenase.
interstitial edema, and spermatogenic elements in tubules.

activity levels obtained for active ToxCast ER assays for
endosulfan. The AUC for endosulfan in the ER path-
way (0.034) predicts inactivity since it falls below the
USEPA cutoff of 0.1 (USEPA, 2014a). The CERAPP QSAR
model predicted agonist inactivity, very weak antagonist
activity and very weak binding potency for endosulfan
http:/ /actor.epa.gov/edsp21.In summary, by some crite-
ria, endosuifan would be considered a weak activator of
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Table6
ER or AR In Vitro Assays from Open Literature for Endosuifan (adapted from Silva, 2008)

Cell type Expostire LOEL (fiM) Reference
ER-Related Assays
Balb/c Mice/F 4 days MMOC Agonist: Tend bud and alveolar structures; MMOCand Je et al. (2008)
(MMOCH): and 1 day TTERT mRNA MMOC and MCOF-1-5
MCF-7 cells MCF-7 MCF-7; Ttelomerase activity
CHO-K1 cells 1 day Agonist: T ER- and | estrogenic induction REC, ER Kojima et al. (2004)
{luciferase indicator 0.74; RLA
91%; ER
500, RLA
26%
8 days Fu agonist; TMCF-7 proliferation (weakly 10 Wadeet al. (1897}
estrogenicy
MCF-7 cells 6 days Weak agonist (estrogenic), PE (2.99), RPP 10 Soto et al. (1894)
(81%), RFE (0.0001%)
8 days E. agonist; TMCF-7 proliferation {weakly 10 Wadeet al. (1897)
estrogenic)
6 days Agonist: Teytotoxicity; R LOECH Andersen et al. (2002)
transactivation 67% of aromatase
6 days Agonist; PEF2.3; RPP = 954 x 107H REY% = fi10 Vanparyset al. (2006)
32%; veells in s-phase
AR-related assays
CHO cells 6 days Antagonist; Teytotoxicity; weak antiandrogen 20 Andersen et al. (2002)
CHO-K1cells hAR (plasmids) +Androgenic activity; TAR transcription & 6] Kojima et al. (2004)
DHTeonc
MDA-kbZ cells Transfected +Androgenic activity iCry 8.74 Adt-Alssa et al. (2010)
luciferase
gene

the ER pathway, whereas other criteria would lead to an
interpretation of inactivity.

Table 7 shows the OED (from ACy), based on Tox-
Cast assay results, that we calculated for endosulifan. The
OEDs (range 0.02-0.82 mg/ kg / d)are from 3.7- to 310-fold
lower than the in vivo LOELs in Table3 (LOEL range 3.0-
6.2mg/kg/d).

AR Toxcast assays. In Table 8, the assay |Ds correspond
to the pathways described in Figures 2 and A2. Endosul-
fan was active in assay B4 for AR agonism, and active in
assays B8 and B9 for AR antagonism. The active assays
involve receptor dimerization and transcription suppres-
sion, but not AR receptor binding, RNA transcription, or
protein production. All Z-scores fall below 3 and there
were insufficient numbers of active assays for endosuifan
to be considered specific for the AR pathway. However,
the Gene Score was 16.25, which is greater than the cutoff
value of 7, indicating endosulfan may have specificity for
the AR gene. AR in vitro data for endosuifan from reg-
istrants and the open literature showed antiandrogenic
activity at concentrations ranging from 8.74 to 69 ffiM
(Table 4), which is similar to the activity levels obtained
for active ToxCast AR antagonist assays for endosulfan.
The AUC for endosuifan in the AR pathway (0.028) pre-
dicts inactivity since it falls below the USEPA cutoff of
0.1 (USEPA,20143a; http:/ /actor.epa.gov/edsp21.In sum-
mary, by most ToxCast interpretation criteria, endosuifan
would be considered inactive on the AR pathway; how-
ever the elevated Gene Score and activity in a few assays
suggests potential activity.

EPA-HQ-2018-000065

Table 8 shows the OEDs (from ACs), based on Tox-
Cast assays, that we calculated for endosulfan. The OEDs
(range 0.35-0.9 mg/kg/d) were 13- to 32-fold lower than
the in vivo LOELs (range 1.0-11.5mg/kg/d) in Table 3.

Zebrafish. Padilla et al. (2012) showed active results for
unspecified malformations in zebrafish (ACs; = ffi1 ffiM)
after exposure to endosulfan. The Toxicity Score (Eyiax)
was 40 at peak concentrations (4 ffiM), and is the high-
est score possible for malformations. In addition, other re-
searchers (Truong et al., 2014) reported a statistically sig-
nificant increase in malformations from endosulfan treat-
ment at 0.064 ffiM (axis), 0.0064 ffiM (yolk sac edema),
and at 64.32 ffiM (pericardial edema) providinga LOEL at
0.0064 fiIM. The calculated OED conversion for zebrafish
from the LOEL range of 0.002 to 0.038 mg/kg/d was
based on values from Padilla et al. (2012) and Truonget al.
(2014), respectively. They were 26- to 500-fold lower than
the lowest rat reproduction/developmental in vivo LOEL
(1.0 mg/kg/d)in Tableb.

Methidathion.

In vivo and gpen literature studies. Table 9 shows there is
evidence that methidathion caused reproductive toxicity,
although the effect is not necessarily endocrine mediated.
A one-generation two-litter reproductive toxicity study
(Salamon, 1986) and a two-generation study (Salamon,
1987) reported a reduced mating index (mating index =
#copulations/# estrus cycles) in Fy males. There was evi-
dence of poor maternal care (pups cool to touch, starving,

Birth Defects Ressarch (Part B} 0:1-19, 2015
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Table7
Endosuifan and Methidathion ToxCast ER Assay Results with Dose Response Measures

Endosulfan Methidathion

OED

OED
b

ACsy LOELD ACsg L
1o Assay target® (ToxCastassay name?) (ffiMd ) (mg/kg/d) Z-score (FfiM ) (mg/kg/d) Z-score®
Receptor binding
NVS nuclear receptor assays
Al Bovin (NVS_NRBER) - - - - - -
AZ Human ERY (NVS.INR_hER]) - - - - - -
A3 Mouse ER’ (NVS_NR.mERa) - - - - - -
Dimnerization
rcomplementation assays
R dimers (8 hr) {UT ERL M( - - - - - -
dimers (24 hry (OT_ER 314 - - - - - -
dimers (8 hry (OTER b 0480} - - - - - -
dimers (24 hr) (OT_ER ERaERb_1440) e - - - - -
-ER dimers (8 hr) {@T ER_ERDE 10.20 0.7 1.56 - -
-ER| dimers (24 hry (OT, - - - - - -
Protein induction
OT regulation of gene expression
A10 -ERE (2 hry (OTJ - - - - - -
At ER-ERE (B hry (OTJ - - - - - -
RN A transcription
ATG assays
Atz ER- nuclear receptor agonist activity 1.73 0.03 4.48 - -
ATGERa_TRANS up}
A3 Jp/dwwmmw tion of endogenous 1.35 0.02 4.89 2810 107 589
ranscription factor activity in wmcm
hepatoma (HepG2) cells (ATG CIS_up)
ToxZ1ER z«zs;»zayw
A4 Agonist ratio with | -lactamase - - - - - -
(ERaBLA_Agonist_Ratio)
A5 Agonist with BG1 cells LUC reporter 14.50 0.23 097 - - -
(ERa LUCHG Agonist)
ER-induced proliferation
ACEA RT cell growth assays
A6 T47D cytotoxicity (80 hry - - - - - -
(ACEA_T47D 80hr Positive)
Antagonist (transcription suppression)
Tox21ER assays
AT Antagonist ratio with Iactmmm - - - - - -
(ERaBLA_Antagonist.Ratio)
A8 Artagonist with BG1 Ceellsa LUC reporter 52.30 (.82 ~1.14 - - -
(ERal.UCBGI_Antagonist)
Active assay ER-related cytotoxicity
NA Cylotoxicity (ACEA_T47D _80hr_Negative) 26.90 .42 NA - - NA

Adapted from USEPA (2014aa). ER assays used 1o determine the pathways in Figures 1 and A1 (Appendi

}are’*mmberw Al-A1B. They

are divided according to their assay function as well as the vendor generating the data. LOEL ranges for in vivo effects in females are 3.0

to 6.2 mg/kg/d (Table3).
#Assay name as found on the USEPA ICSS Dashboard (h

on ACsy (Wetmoreet al, 2012; Judson et al., 2014}

“Z-score information is available at: hitp:/ /www .epa.gov/ncet/ toxcast/ data html; ToxCast Summary Fi

weak, or lethargic) and decreased ovarian weights in the
two-generation study F; and F, females.

Guney et al. (2007) reported ovarian toxicity (Table 9)
in female rats from methidathion at 5 mg/kg/d. In vivo
findings in the rat reproduction studies were inconclusive
as to the mode of action (i.e., direct ER/ AR interaction
vs. oxidative stress). Ovaries are particularly sensitive to
lipid peroxidation from ischemia-perfusion injury related

Birth Defects Ressarch (Part B} 0:1-19, 2015
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ttp:/ factor.epa.gov/ dashboard /).
bOED: oral equivalent dose (mg/ kg calculstion; predicted using 10 i metabolic clearance rate (Wetmoreet al., 2012); C

L based

iles and USEPA (2014aa).

to hydroxyl radicals. Serum malondialdehyde, an indi-
cator of lipid peroxidation, was significantly increased
in treated rats. The investigators also note that there is
evidence that oxidative stress may be a common mode
of action for organophosphate insecticides. 1t is unclear
from these data if the ovarian toxicity was due entirely
to the lipid peroxidation or possibly also to endocrine
disruption (Giney et al., 2007). Two studies evaluating

ED_001487_00003526-00009
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Fig. 1. Graphical representation of the network used in the in vitro analysis of the ER pathway across assays and technology vendors

(adapted from USEPA, 2014a). Red and blue colored arrow nod
represent transfer of information. Green hexagons representsthe

represent steps where a chemical can directly interact. Dashed arrows
-specific assays tested in ToxCast(see Table7 for specific description).

Highlighted hexagons are assays active for ER with endosulfan (yellow) or for both endosulfan and methidathion (blue).

fetal development did not show developmental toxicity
associated with methidathion (Hummel et al., 1987;
Mainieroetal., 1987).

ER ToxCast assays. Table 7 provides results for ER as-
says for methidathion. In the table, a number (1-18) for
each assay corresponds to the pathways described in Fig-
ures 1 and A1. There was a single active assay in the ER
pathway, targeting the estrogen response element (ERE)
(A13: ATGEERE.CIS_up) with an ACy of 28.1 fiiM. The
Z-score was 4.68, greater than the USEPA criteria of 3
fo define an active result. However, methidathion failed
the USEPA criterion that five assays must be active in
the ER pathway to conclude that a chemical is active
in that pathway (Judson et al., 2010). The Gene Score
was 1.7, which is less than the cutoff value of 7, indi-
cating methidathion lacks specificity for the ER pathway.
The AUC for methidathion in the ER pathway was zero,
confirming that it is virtually inactive with ER (USEPA,
2014a; hitp:/ /actor.epa.gov/edsp21/). In summary, me-
thidathion activated only the ERE and no other parame-
ters; the elevated Z-score is suggestive of activity, but all
other ToxCast interpretation criteria would lead to a con-
clusion that methidathion is inactive for estrogenicity.

EPA-HQ-2018-000065

Table 7 shows the calculated OED (from ACs;) calcu-
lation for methidathion that was based on ToxCast assay
resuits. The OED (107 mg/kg/d) ranges from nine- to 43-
fold higher than in vivo LOELs (range 3.0-6.2 mg/kg/d)
in Table9.

AR Toxcast assays. Table 8 provides results for AR as-
says for methidathion. In the table, a number (1-9) for
each assay corresponds to the pathways described in Fig-
ures 2 and A2. Only one assay (B1) was active for AR
and the Z-score (1.4) and the Gene Score (2.6) fell be-
low the cutoff values of 3 and 7, respectively, indicat-
ing low potency/specificity for the AR gene. The AUC
for methidathion in the AR pathway was zero, predict-
ing that it is virtually inactive with AR (USEPA, 2014a;
http:/ /actor.epa.gov/edsp21/).

Table 8 shows the calculated OED (from AC4;) for me-
thidathion, based on ToxCast assay results. The OED (84
mg/kg/d) ranges from nine- to 38-fold higher than the in
vivo LOELs (range 2.2-9.1 mg/kg/d) in Table 3.

Zebrafish. Padilla et al. (2012) reported active results
for unspecified malformations for methidathion; the
Toxicity Score was 31.5 and the ACs, was 45.9 ffiM. After

Birth Defects Ressarch (Part B} 0:1-19, 2015
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Table8
ToxCast AR Assays Performed with Endosulfan and Methidathion

Endosulfan Methidathion

ACsp ACsg Z-
o Assay target® (ToxCast assay name”) (M) Z-EC0Te (M) (mg/kg/d) soore”
Receptor binding
NVS nuclear receplor assays
B1 Human AR (NVS_.NR_hAR) - - - 21.90 84.00 6.3
B2 Chimpanzee AR (NVSINRICAR) - - - - - -
B3 Rat AR (NVSNFrAR) - - - - - -
Dimnerization
OT AR protein complementation assays
B4 AR-ARE dimers with agonist activity LLUC - - - - - -
reporter (24 hr} (OT_ARLARELUC_AG.1440)
B5 AR-SRCT dimers (8 hr) (OT_AR_ARSRC1.0480) - - - - - -
B6 AR-SRCT dimers (16 hr) 2246 0.35 0.25 - - -
(OTARARSRC1.0960)
RMNA transcription
ATG assays
B7 AR nuclear receptor agonist activity - - - - - -
(ATGLARTRANS)
Protein production
Tox21 AR assays
B8 Agonist ratio with | -lactamase - - - - - -
(Tox21 ARBLA Agonist_ratio)
BY Agonist activity with MDAKBZ ~LUC - - - - - -
(Tox21LARa LUC_.MDAKBZ Agonist)
Antagonist (transcription suppression)
Tox21 AR assays
B10 Antagonist ratio with | -lactamase 37.44 0.67 ~0.58 - - -
(Tox21 ARBLA Antagonist_ratio)
B11 Antagonist activity with MDAKBZ cells LUC 57.19 0.90 ~1.28 - - -
(Tox2 1 AR_LUC_MDAKB2_Antagonist)
Active assays related to cytotouicity feiability
NA Cytotoxicity (Tox21 ARBLA_Antagonist 3590 0.57 NA - - NA
_viability)

Fhdapted from USEPA (2014aa). AR assays used to determine the pathways in Figure 2 are numbered B1-B8 and are divided according

to their assay function as well as 1
bAssay name as found on the USE

he vendor generating the data.

ACSS Dashboard (hitp:/ /actor epa.gov / dashboard /).

CORED: oral equivalent dose (mg/kg) calculation; predicted using 10 M metabolic clearance rate (Wetmoreet al., 2012y, OED LOEL based

on ACsy (Wetmoreet al., 2012; Judson et al., 2014)

4 7-score information is available at: hitp:/ / www epa.gov/ncct/ toxcast/ data. htmi; ToxCestSummary Files and USEPA (2014aa).

methidathion treatment other researchers (Truong
et al., 2014) showed significantly increased mortality
at 0.0064 ffiM (LOEL). The OEDs were 0.016 and 174
mg/kg/d based on data from Truong et al. (2014) and
Padilla et al. (2012), respectively. The calculated OED
conversion for zebrafish from the LOEL range was 79-
to 137-fold higher than the lowest reproduction in vivo
LOEL (22 mg/kg/d)in Table9.

Concordance of ToxCastassays and in vivo stud-
ies for endocrine disruption. Endosulfan had weak
concordance for in vivoendocrine disruption and ToxCast
assays related to the ER. ToxCast data partially support
a weak estrogenic mode of action for endosulfan because
there were four active assays for agonism and one for an-
tagonism. Although, endosulfan failed two of the USEPA
criteria for interpretation of an active result (>five active
assays, Z-score >3), the Gene Score for specificity was
greater than 7, implying that endosulfan is weakly active
in the estrogen pathway according to currentcriteria. The

Birth Defects Ressarch (Part B} 0:1-19, 2015
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AUC analysis, based on ToxCast data, predicts inactive
agonist and antagonist activity of endosulfan with the
ER (USEPA, 2014a; http:/ /actor.epa.gov/edsp21/). CER-
APP QSAR; however predicts very weak antagonistic
ER activity for endosuifan. Methidathion had general
concordance for equivocal or inactive in vivo estrogenic
effects in rat and equivocal or inactive ToxCast assay
results for ER. The AUC result of zero and a positive
result for only one of three (ERE assay Z-score >3) of
the USEPA criteria for an active result would suggest
that methidathion does not interact with the ER (AUC:
http:/ / www .regulations.gov/ Docket # EPA-HQ-OPP-
2014-0614; http:/ / actor.epa.gov/edsp21/).

There was weak concordance between in vivo en-
docrine effects in males and ToxCastassays related to AR
antagonism by endosulfan. A weak antagonistic mode of
action for endosulfan with the AR is shown by previously
reported in vivo and in vitro results, but endosuifan failed
two of three USEPA criteria for an active interpretation of

ED_001487_00003526-00011
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Fig. 2. Graphical representation of the network used in the in vitro analysis of the AR pathway across assays and technology vendors

adapted from L
arrows represent

.

A (2014a8). Red and blue colored arrow nodes indicate steps with which a chemical can directly interact. Dashed
ransfer of information. Green hexagons represents the AR-specific assays (B1-B9) tesled in ToxCast (see Table 8 for

specific description). Yellow and blue highlights emphasize assays active for endosulfan and methidathion, respectively.

the AR assays and the AUC also showed antagonist in-
activity. The Gene Score, however, reinforces the predic-
tion of weak antagonist activity of endosulfan with the
AR. Methidathion had concordance for equivocal in vivo
androgenic/antiandrogenic effects in rat and inactive or
equivocal ToxCast assay results for AR. Because it was
zero, the AUC supported the likelihood of no interaction
of methidathion with the AR.

In zebrafish assays endosulfan showed concordance
for developmental effects, while methidathion did not.
Endosulfan is active for developmental effects in ani-
mal models, while methidathion is generally negative. A
concordance summary is in Table 10.

DISCUSSION

The large suite of in vitro assays and the zebrafish assay
within the ToxCast program has the potential to be a use-
ful tool in the future for screening prioritization and risk
assessment. The case studiesshow what we learned about
the current utility of ToxCast assays for our purposes,
including certain limitations for prioritization and hazard
trait identification for endosuifan and methidathion.

EPA-HQ-2018-000065

Based on the subset of assays we evaluated here, the
ToxCastassay results do not provide much support for in
vivo neurotoxicity observations for either compound. The
primary targets for the neuroactive pesticides endosulfan
and methidathion are known to be GABA R and AChE,
respectively. The inactivity of endosulfan in the GABA R
assay may be due to the selection of the binding target in
the ToxCast assays. Binding studies using radioligands
with high affinity to the receptor blocker site, electro-
physiology studies, and molecular modeling have shown
that the binding site for GABA, is located on a different
subunit than the binding site for endosuifan and the
other insecticidal antagonists, which act as noncompetitive
blockers of the GABA.-gated chloride channel (Ratra
et al, 2001). The lack of metabolic activation in the
Novascreen assays does not account for the reported
inactivity with endosulfan since the parent compound is
neurotoxic (Abalis et al., 1986; Cole and Casida, 1986; Lee
et al., 2006); however the fact that the GABA,R| with
which endosulfan noncompetitively interacts was not
the subunit tested may have contributed to the lack of
activity. Endosulfan was not active for human AChE in
ToxCastassays but it is not known whether it was due to
the lack of adequate assay design or another reason. The
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Table9
In Vivo Reproductive Toxicity for Methidathion (Lewis, 2007)

N
(mg/kg!

Species/ sex Exposure

Effects reported in female adults and their offspring
+ Absolute and relative ovary weight (to body)
beyeles (Lproestrus, estrus and metestrus, T

diestrus); v healthy follicles and corpus
iutea; Tatretic follicles with granulosa cells
containing abundant lipofuscin pigments; T

22150
No NOEL/50

CR1CD BR rats/F
Wistar rats/F

2-Gen. repro, diet
5 days/ week; 4
weeks, gavage

Salamon (1987)
Gliney et al. (2007)

Oct. 2018

serum malonaldehyde

CRECOBSCD (8D) D 6-15, gavage No developmental effects 1.0/25 Mainiero et al.
BR rats: M/F (1987}

New Zealand White GD 6-18, gavage Maternal blood in pan (hemorrhagic 6.0/12 Hummel et al.
rabbits/F discharge); no developmental effects (1987)

Effects reported in males
CD rats: M /F 1-Gen. reprod, + Male mating index (#copulations/#estrus 44191 Balamon (1986)
2-litters/ gen, diet cycles)
CR1:CD BR rats 2-Gen. repro, diet + Male mating index; Jtestes weights 04722 Balamon (1987)

M /F

Table10
Concordance between ToxCast Assays, Zebrafish, and In Vivo Studies for ER, AR, and Developmental Endpoints
Endosulfan Methidathion
ER ToxCast Five sssays®  Gene Score®  AUC/CERAPE®  Fiveassays GeneScore  AUC/CERAPP®
4718 26.93 0.034 118 17 0
inactive Active Weak antagonist® inactive inactive inactive
Estrogenic in vivo and other in vitro Positive Negative
Concordance No Yes Equivocal Yes Yes Yes
AR ToxCast Five assays Gene Score ALUC Five assays Gene Score AUC
3/9 16.25 0.028 119 2.6 0
inactive Active inactive inactive inactive inactive
Androgenic in vivo and other in vitro Active (antiandrogen) Negative
Concordance No Yes No Yes Yes

Zebrafish developmental
Developmental toxicity Positive
Concordance Yes

Strong active

#Pathway is considered active if five assays or more are active.
bpathway is considered active if gene score is greater than 7.

“AUC pathway cutoff = 0.1, Adverse male and female reproductive toxicity was observed in the studies without strong indication that

estrogenic or androgenic pathways were involved.
YPradicted by CERAPP QSAR model.

inactivity of ToxCast assays for AChE with methidathion
can be explained by the fact that Novascreen does not
include metabolic activation in their in vitro assays. The
metabolism of methidathion to ifs oxygen analog or oxon
metabolite is necessary for neurological effects associated
with AChE inhibition (Lewis, 2007).

The dopamine pathway assays in ToxCastshowed con-
cordance with in vivo endosulfan studies. Wilson et al.
(2014) showed that endosulifan treatment decreased DAT
levels in male mice treated at critical stages of brain devel-
opment, leading to greater vulnerability of the dopamin-
ergic neurons to subsequent neurotoxic exposures and
potential neurodegenerative diseases. The NVS_.TR.DAT
assay was active for endosulfan with both guinea pig
and human isoforms and LOEL OED estimates were also
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in agreement with in vivo rodent study values for the
dopamine pathway.

It would be valuable for the ToxCast assay set to in-
clude a HTS assay with GABA ,R-chloride ion channels
intact to positively identify potential for neurotoxicity
from ion channel blockers like endosulfan. Intact ion
channels would be necessary since the presumed neu-
rotoxicity MOA for compounds like endosufan is non-
competitive GABA R antagonism by binding to specific
GABA ,Rsubunits in the receptor complex (Kamijimaand
Casida, 2000; Ratra et al., 2001). Assays utilizing neu-
ral tissues to identify site- and compound-specific activ-
ity, perhaps contributing to the understanding of MOAs,
would also be useful. Ultimately for AChE inhibitors like
methidathion where metabolic activation is critical, whole

ED_001487_00003526-00013
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cells and metabolic activation might help to identify toxi-
city from an active metabolite.

In regards to endocrine disruption, the ToxCast as-
says detected limited activity for endosulfan on the ER
and AR pathways, and virtually no activity for methi-
dathion. The endosulfan ranges for the OEDs for ER
(0.02-0.82 mg/kg/d) and AR (0.35-0.9 mg/kg/d) in the
active assays were comparable to in vivo LOELs. How-
ever, despite the plethora of information in open litera-
ture relating endosulfan exposure to estrogenic and an-
tiandrogenic effects, including receptor binding, and the
reported endocrine disrupting effects in vivo (Table2), en-
dosulifan was active in only a minimal number of ToxCast
assays targeting the ER pathway, none of which included
receptor binding assays (Table7). In addition, endosulfan
failed to satisfy some of the ToxCast criteria that catego-
rized a chemical as potent, or active in the ER and AR
pathways: too few assays were active, the Z-scores were
too low, and the AUC indicated no activity. On the other
hand, the Gene Score for endosuifan was positive for both
the ER and AR, indicating some specificity for these re-
ceptors. A partial explanation for this is that although his-
torically, endosuifan binding to the ER has been associ-
ated with weak endocrine effects in vivo (Je et al., 2005;
Varayoud et al., 2008), based on the activity observed in
the ToxCastassays, endosulfan’s estrogenic effects may be
due to dimerization and RNA transcription rather than re-
ceptor specificity as previously suspected. An additional
possible explanation may be that the criteria for defining
an active in ToxCast may in this case have excluded true
activity; in particular, the criterion of >5 positive assays
may need to be reevaluated for defining an estrogenic or
antiandrogenic chemical.

In the case of methidathion, the OEDs for the active
ToxCastER and AR assays far exceed the LOELs observed
in vivo. While there was observed reduction of ovarian
weight and poor maternal care in vivo for methidathion
studies, the chemical was weakly active in only two Tox-
Cast assays relating to the endocrine pathways, consistent
with the ovarian lipid peroxidation hypothesis, and the
idea that the observed in vivo toxicological effects from
methidathion exposure may not be directly endocrine me-
diated.

Wefound the zebrafish whole organism model to be the
best predictor of in vivo effects for the chemicals’ hazard
traits based on the ToxCast studies of Padilla et al. (2012)
as well as the findings of other faboratories (Stanley et al.,
2009; Truong et al., 2014). Zebrafish assays predicted
neurotoxic effects for endosuifan (consistent with in vivo
findings), whereas the other ToxCast assays were mostly
inactive. Zebrafish assays were also good predictors of
developmental toxicity in that potency agreed strongly
with effects observed in vivo with endosulfan being
much more potent for all developmental tests performed
by Padilla et al. (2012) than methidathion. The greater
potency for endosulfan (ZF toxicity score = 40) as a
developmental toxicant is consistent with what we would
predict based on effects in rodents. The low OEDs for
endosulfan in zebrafish emphasized the sensitivity of the
zebrafish model for detection of developmental effects
compared to other in vivo models. For methidathion,
the high OED is somewhat consistent with the negative
in vivo findings for developmental toxicity. It should
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be noted that the zebrafish toxicity scores generated by
Padilla et al. (2012) are integrated values summarizing
numerous malformations. Exploring specific zebrafish
maiformations or groups of related malformations
could supply further insight on a chemical’s effects on
developmental cardiotoxicity, neurotoxicity,etc.

From the point of view of a regulatory agency, the use
of ToxCast data for prioritization and risk assessment is
currently challenging. Based on results posted on the iCSS
Dashboard it would not be clear that the main targets for
endosulfan and methidathion neurotoxicity are GABA R
and AChE, respectively. Hence they might not be prior-
itized or assessed appropriately based on the results of
these HTS assays.

The analytic approaches to HTS data are undergoing
continual refinement at USEPA. The model selection for
chemical-response data can affect whether a chemical is
classified as “active” or “inactive” in any given assay,
as exemplified by comparing some ToxCast chemical ac-
tivity classifications in USEPA’s earlier 2013 data release
with the present 2014 data release. For example, we found
our case study chemicals to be active in more assays in
the present 2014 data release than they were in the earlier
2013 release (e.g., ATG.ERE_up was previously inactive
for both endosulfan and methidathion but is now posted
as active), due entirely to the data analytic approach used
and not to any change in the raw data. Although thereare
numerous benefits to a transparent process for data avail-
ability, the ongoing evolution of the analytical approach
poses a challenge for users in data interpretation in chem-
ical hazard identification and prioritization.

An additional issue involves interpretation of the Tox-
Cast data and how without definitive criteria it becomes
challenging to determine the pathway activity in the high-
throughput screens. Here alone, we have four methods
for determining chemical activity: (1) active ACs; value,
including magnitude of the value to determine assay po-
tency; (2) using Z-scores to distinguish between specific
receptor-based chemical activity versus chemical activity
resuiting in a general cellular response; (3) calculating a
Gene Score to synthesize gene-specific chemical data; and
(4) using the number of active nodes assayed within a
pathway,or AUC calculation, and results of the CERAPP
QSAR model as a predictor of potency of a given chem-
ical in a given pathway. One method used to determine
chemical activity in high-throughput assays may not lead
{o the same conclusions as another method, which will af-
fect the conclusions drawn about the chemical’s hazard
identification. Furthermore, the dynamics of these meth-
ods for determining activity may change as new assays
are introduced while others are phased out. In the case of
endosulfan’s estrogenic and antiandrogenic activity, the
current methods for determining chemical activity may
have resulted in a result that is falsely considered to be in-
active. This indicates that the HTS field may need to fur-
ther develop before results can be reliably used.

There are limitations inherent in comparing endpoint-
based in vivo results to pathway-based in vitro results
and the overarching goal of correlating assay-level data to
higher order biological pathways. The partial lack of con-
cordance between the information in the open literature
and in ToxCast could be due to limited understanding of
the biological pathways underlying some of the in vivo
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observations, or to the complexity of the in vivo pathway
interactions compared to the current limited spectrum
and range of the ToxCast in vitro assays. Targeting the
appropriate molecular targets for evaluating chemical
hazard requires selection of high-throughput assays that
address asufficient biologic scope. Limited biological cov-
erage is one of several known challenges within the Tox-
Cast program, which are all being considered by USEPA
staff (Thomas, 2014; Toxicity Testing in the 21st Cen-
tury  hitp:/ /www.epa.gov/research/chemicalscience/
chemical-toxicitytesting.htm).

In this case study, we examined the potential util-
ity of ToxCast for the prioritization and assessment of
pesticides based on data from two well-studied com-
pounds. We identified areas of concordance as well as
non-concordance after comparing in vivo data with Tox-
Cast assay results. We also noted gaps in the available
ToxCast assays leading to apparent false conclusions that
indicate inactivity for endosulfan and methidathion. The
inactive results that remain unexplained by factors such
as metabolic activation include inactivity for endosuifan
in GABA, assays as well as the equivocal findings for
endosulfan in the ER and AR assays due to the various
criteria for defining an active result. However, when we
translated OEDs to evaluate dose concordance for active
findings, we observed that the OED calculations for the
active ToxCast assays showed surprisingly good agree-
ment for endosulfan—both for endocrine and dopaminer-
gic effects. ER, AR, and zebrafish calculated OEDs for me-
thidathion were also within range of the in vivo LOELs.
We also discovered that zebrafish assays were good pre-
dictors of developmental toxicity and neurotoxicity with
endosulfan.

Ultimately, with improved biological coverage and an
expanded knowledge base of chemical activity within
ToxCast and other HTS resources, we are optimistic that
these in vitro predictive screening programs may account
for many of the pathways and toxicological mechanisms
needed for understanding chemical toxicity without
solely relying on animal models.
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APPENDIX
ToxCast Assays Targeting Neurotoxicity Pathways

GABA,, is the major inhibitory neurotransmitter in the
central nervous system. The fframinobutyric acid receptor
type A (GABA,R) complex comprises the GABA,-gated
chioride ion channel within neural membranes (Takeuchi
and Takeuchi, 1969; Cole and Casida, 1986, Casida, 1993).
The GABA.R activity is modulated at receptor sites,
which must include at least one each of the foliowing
subunits to function: GABA,.R! 1-6, GABA,R]-1-3, and
GABA Rffi1-3 (Ratra et al., 2001). The binding sites are
targets for organochlorine pesticides fike endosuifan that,
upon binding primarily at GABA,R| , noncompetitively
block the ion channel (Kamijima and Casida, 2000; Ra-
tra et al., 2001). In brain dopaminergic cells, the DAT
membrane protein transports dopamine from neuronal
synapses into the cytosol to clear dopamine (DA) from the
synapse. In humans, as well as in rodent models, DAT in-
hibition as well as decreases in dopamine levels can cause
hyperactivity and motor and learning deficits during de-
velopment (Vandenberghet al., 1992; Kintscher, 2012) and
may contribute to neurodegeneration (Jia and Misra, 2007,
Wilson et al., 2014). ACh binds to its receptors (nicotinic
and muscarinic) in the central and peripheral nervous sys-
tem to transmit the neural signal. AChE degrades ACh
to clear it from synapse (Ellenhorn and Barceloux, 1988).
When ACh is not cleared, various neurological signs in-
cluding ataxia, muscle fasciculations, convulsions, exces-
sive salivation and lacrimation, difficulty in breathing,
and death occur (Ellenhorn and Barceloux, 1988; Ecobi-
chon, 2001).

The specific ToxCast assays testing aspects of the above
neurotoxic pathways are cell-free assays by Novascreen
as described in Table 1.

ToxCast Assays TargetingER Pathways

The ER is a hormone nuclear receptor critical for
development, metabolic homeostasis, and reproduction.
Hormone-ligand binding to the ER causes conformational
changes that result in subsequent changes in gene expres-
sion. The ability of the ER to directly bind to DNA and
subsequently regulate the expression of adjacent genes
classifies it as a transcription factor (Evans, 1988; Olef-
sky, 2001). There are two major ER pathways: genomic
and nongenomic (A1). The genomic pathway describes
the binding of the hormone to the ER located in the cy-
tosol, which triggers many events starting with recep-
tor migration from the cytosol into the nucleus, recep-
tor dimerization, and subsequent receptor binding of the
dimer to specific sequences of DNA known as EREs. This
complex then recruits other proteins responsible for the
transcription of downstream DNA into messenger RNA.
The subsequent translation of RNA to protein may resuit
in changes in cellular function. The nongenomic pathway
describes the activation of ERs associated with the cell
surface membrane by exposure of the cells to the estro-
gen hormone (Bjornstrom and Sjoberg, 2004; Zivadinovic
et al, 2005). ER agonism and antagonism can be tested at
numerous points along both of these pathways. Graphi-
cal representation of the testing points targeted in the in
vitro analysis of the ER pathway in ToxCast is shown in
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Fig. A1, Genomic and nongenomic estrogen receptor (ER) path-
ways with ToxCastdesignated ER assays: A1-A18 (Table1).

Figure A1 (detailed in USEPA,2014a). The ToxCastassays,
representing several platforms, for the ER pathway are in-
troduced in Table1.

ToxCast Assays Targeting AR Pathways

The principal steroidal androgens, testosterone, and its
metabolite 5' -dihydrotestosterone (DHT), mediate their
biological effects predominantly through binding to the
AR, an androgen-inducible member of the nuclear recep-
tor superfamily of transcription factors (Lee and Chang,
2003). Androgen binding to AR results in a conforma-
tional change in the receptor leading to downstream
changes in gene expression. Androgen-regulated genes
are critical for the development and maintenance of the
male sexual phenotype.

There aretwo major AR pathways, genomic and nonge-
nomic. The primary mode of action for ARs is genomic,
or through direct regulation of gene transcription. Andro-
gen binding to the AR results in a conformational change
in the receptor that causes dissociation of heat shock pro-
teins, transportation of the receptor from the cytosol into
the cell nucleus, and AR dimerization. The AR dimer then
binds to a specific sequence of DNA known as an andro-
gen response element (ARE).

ARs can also have actions that are nongenomic, or in-
dependent of their interactions with DNA (Heinlein and
Chang, 2002, Fix et al., 2004). Direct androgen binding to
cytoplasmic ARs can cause rapid changes in cell function,
such as changes in ion transport. Cytoplasmic ARs can
also indirectly lead to changes in gene transcription. As
referred to above, further descriptions of each assay are
in Table 1. The steps of the AR pathway targeted in the
ToxCast assays areshown in Figure A2.
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Fig. A2. Genomic and nongenomic androgen receptor signaling
pathways with ToxCast designated AR assays: B1-B8 (Table 1).

Zebrafish Assays

Zebrafish (Danio rerio) are known to share many de-
velopmental, anatomical, and physiological characteris-
tics with mammals since molecular signaling is known fo
be conserved acrossspecies (Padillaet al., 2012). Zebrafish
are especially vulnerable to the toxic effects of chemicals
during the first 5 days of development from embryo to
adult since changes are the most rapid at this time. If a
chemical is developmentally toxic, it would affect molecu-
lar pathways or processes in the embryonic zebrafish that
may be quickly detected by phenotypic responses. Phe-
notypic changes can then serve as indicators of affected
pathways for target identification (Padilla et al., 2011,
2012; Tanguay et al,, 2013; Truong et al,, 2014). There are
two known approaches to performing high-throughput
in vivo assays in zebrafish. Padilla et al. (2012) examine
chemical exposure to zebrafish with embryos intact, while
Tanguay et al. (2013) remove the chorion of the zebrafish
embryo to potentially increase the bioavailability and sen-
sitivity after chemical exposure. The Padilla et al. (2012)
method is the one used by the USEPA in ToxCast(Table1);
however the Tanguay et al. (2013) method has also been
independently used in their laboratory to test the ToxCast
chemicals.

The decision tree used by the USEPA to categorize vari-
ous morphological endpoints is described by Padillaet al.
(2012) and Padilla et al. (2011). If the larva was alive and
hatched, then malformations were divided into several
categories (e.g., cranial/facial, thorax, abdominal, etc.)
and each was scored separately. The summation of scores
for all malformation categories is defined as the “Toxicity
Score” which ranged from 0 to a maximum value of 40.
The minimum cutoff for the Toxicity Score is 6.5 (one
standard deviation above the mean of the vehicle control
response). Standard sigmoidal curves were fit with the
parameters described above (W, ACs, T, B, Eyisx). The
Toxicity Score and chemical concentration were used to
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determine an active result. Chemical potency (ACx) was
also determined.
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